Abstract-The seismic signals generated by two large volcanic debris avalanches (Montserrat, Lesser Antilles, 1997 and Mount St. Helens, USA, 1980) and a large rock-ice avalanche (Mount Steller, USA, 2005) have been analyzed. For the two debris avalanches, given the times and locations of such landslides, their signals were recorded by only a few seismic stations. Moreover, these signals cover only a very narrow frequency band and include considerable noise. The Mount Steller, on the contrary, was precisely recorded. For each event, the source mechanism (i.e., point force) has been determined by waveform inversion using at most two broadband seismic stations. The resulting force is very difficult to interpret in terms of landslide characteristics. A Monte-Carlo inversion was therefore performed by imposing a simple force model associated with the landslide, based on the schematic view of an accelerating/ decelerating mass traveling down the slope. The best parameter set of the force model was then found by minimizing misfits and maximizing correlations between data and synthetic signals. This model appears to contain the minimum degree of complexity required to well reproduce the seismic data. We detail here the method for the Montserrat debris avalanche and then present it's validation on the well studied Mount St. Helens debris avalanche and the well recorded Mount Steller rock-ice avalanche. The horizontal and vertical components of the resulting force have different source time functions. The best force model compares well with the force obtained by waveform inversion. Finally, this simple force model was interpreted using analytical and empirical relations derived from the sliding block model, granular flow model and landslide studies. This made it possible to estimate the order of magnitude of the mass, flow duration and direction, initial topography slope, mean velocity and travel distance of the avalanches. For these three avalanches, the calculated characteristics are consistent with former studies.
Introduction
Long-period seismic signals generated by landslides provide unique data to detect gravitational instabilities and to constrain their dynamics (KANA-MORI and GIVEN 1982; KANAMORI et al. 1984; KAWAKATSU 1989; BRODSKY et al. 2003; LA ROCCA et al. 2004; FAVREAU et al. 2010; LIN et al. 2010; MORETTI et al. 2012; YAMADA et al. 2012 YAMADA et al. , 2013 ALLSTADT 2013; EKSTRÖ M and STARK 2013) . When flowing over topography, landslides apply forces to the ground surface, generating seismic waves over a wide frequency band. These waves can be recorded far from the source. While seismic energy radiated at short periods is expected to be related to grain impacts and complex momentum exchanges within the mass and with the bedrock, radiation of longperiod energy appears to result from the dynamics of the bulk landslide mass (e.g., LA ROCCA et al. 2004; FAVREAU et al. 2010; HIBERT et al. 2011; MORETTI et al. 2012) .
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Waveform inversion of the long-period seismic waves can reveal the dynamic history of a landslide (MORETTI et al. 2012; ALLSTADT 2013; YAMADA 2013) . However, this method relies on high-quality seismic data (several broadband seismic stations, low noise, etc.), which are not always available. When only one or two stations are used, such waveform inversion, intended to recover a single force, is usually unstable without a priori information. Furthermore, when the signal can only be observed over a narrow frequency band, the force obtained from waveform inversion is difficult to interpret in terms of landslide properties because of its low temporal resolution. Indeed, the times of the acceleration and deceleration stages, the azimuth of the force that leads to the flow direction and the ratio of vertical to horizontal forces that provides an initial measurement of the slope of the underlying topography are hard to identify on the inverted force, intrinsically filtered in such a narrow frequency band.
From the analysis of the surface wave radiation pattern and spectrum excited by the 1980 Mount St. Helens event, KANAMORI and GIVEN (1982) showed that a single horizontal force mechanism was better suited to represent the landslide source than any double-couple mechanism. The source time function of the horizontal single force was first approximated by a bell-shaped curve (KANAMORI 1982) . KANAMORI et al. (1984) performed a deconvolution of the observed seismic signal by the impulse response of the Earth over a frequency band from 0.002 to 0.014 Hz (i.e. 70-500 s). They interpreted the short periods (T * 20 s) to be due to the earthquakes and the explosions, and the long period to be due to the landslide flow history. KAWAKATSU (1989) analyzed the differences between an earthquake and a landslide source and schematically illustrated the effective force generated by a landslide as a sine function. He also proposed a centroid single force (CSF) inversion and applied it to the long-period surface waves generated by massive landslide events. The CSF solution for the Mount St. Helens landquake (i.e. seismic waves generated by a landslide) was consistent with the geological observations and with the inversion performed by KANAMORI and GIVEN (1982) . Going further in the description of the landslide physics, BRODSKY et al. (2003) used a sliding block model to represent the temporal changes of the force applied by the landslide to the ground during its trajectory down the slope. By neglecting the vertical force in this model, they deduced that the history of the horizontal force on the ground is similar to a sinusoidal function, with positive and negative peaks related to the acceleration and deceleration stages of the block from the initial destabilization on steep slopes to the arrest on gentle slopes. Since then, the sinusoidal shape of the landslide source time function and CSF inversion have been widely used in source mechanism studies of landslides and glacial earthquakes (e.g. EKSTRÖ M et al. 2003; LA ROCCA et al. 2004; TSAI and EKSTRÖ M 2007; LIN et al. 2010; CHEN et al. 2011) . LA ROCCA et al. (2004) used three different force source-time functions: a sine wave, a sine wave tapered with a Hanning window and a bell-shaped wave. They deduced the duration of the landslide source from the best normalized cross-correlation between synthetic and observed seismograms. While the resulting synthetic horizontal components fit the data well, the vertical components were poorly reproduced.
In all these approaches, the vertical force was either ignored or taken to be similar to the horizontal force. However, some recent papers have shown that the vertical force can be as large as the horizontal force (FAVREAU et al. 2010; MORETTI et al. 2012; ALLSTADT 2013; EKSTRÖ M and STARK 2013; YAMADA et al. 2013) . While EKSTRÖ M and STARK (2013) found a similar shape of the source time function for both the horizontal and vertical forces related to the Hunza-Attabad landslide, for other landslides FAV- REAU et al. (2010) , MORETTI et al. (2012) and ALLSTADT (2013) have shown that the vertical force may exhibit a very different time history than that of the horizontal force. This is essentially related to the complex interplay between gravity, pressure gradients within the deformable mass, friction and inertial forces during the flow (e.g. see Figs. 13 and 16 in MANGENEY-CASTELNAU et al. 2003) . In particular, centrifugal forces due to 3D topography effects or physical processes such as entrainment of material along the slope significantly affect the source time function of both horizontal and vertical forces (i.e., landslide flow history) (FAVREAU et al. 2010; MORETTI et al. 2012; ALLSTADT 2013) . As a result, it is very difficult to define a simple generic landslide flow history model. However, such generic models may be very useful (i) to constrain the waveform inversion of landquakes recorded by a limited number of stations where the use of inversion methods is challenging because the problem is poorly constrained or the noise is high and (ii) to provide simple schemes for the force changes deduced from seismic data, which can be related to the main characteristics of the landslides (mass, direction of the flow, slope angle, duration, etc.). Indeed, data on landslide volume, velocity and direction of the flow can be very useful in remote areas or where field studies are difficult. For example, it can be extremely important to know rapidly if a significant landslide is flowing towards a river, possibly leading to a dam that may subsequently collapse and generate a destructive flood downstream (PETLEY 2011; EKSTRÖ M and STARK 2013) . Furthermore, recovering the characteristics of past landslides for which no field data are available, over the whole period over which seismic data are available, would provide valuable information to study the time changes of worldwide landslide activity and the link with external forcing such as climate, volcanic or seismic activity.
Extending the simple scheme of an accelerating and decelerating mass flowing down a slope (BRODSKY et al. 2003) , we propose here a simple impulse force model, considering a pair of forces in opposite directions for both the horizontal and vertical components, independently. This model provides more flexibility than the block model, making it possible to easily change the time and amplitude of each impulse. At the same time, the model is simple enough to be interpreted with a basic understanding of frictional mass flows over topography. We apply this model to two large debris avalanches that occurred during the volcanic eruption of (1) Soufrière Hills Volcano, Montserrat, Lesser Antilles in 1997 (2) Mount St. Helens volcano, USA in 1980 and to a purely landslide event (3) Mount Steller, USA in 2005. The method is first presented in details on the Montserrat case and then validated on the well known and studied Mount St. Helens and Mount Steller events. Different methods to determine the parameters of this impulse force model (e.g., force amplitudes, time intervals between opposite directions forces, azimuth, etc.) are presented. The aim was to reduce as much as possible the computational time of parameter space exploration, i.e., to find a faster but still well constrained method providing the best fit for the data. The most efficient approach uses the properties of the radiation pattern of horizontal and vertical forces and is based on the calculation of maximum correlation and minimum misfit between synthetic seismic signals calculated with the force model and only a few distant long-period seismic observations (one or two seismic stations located several hundred km from the landslide source).
After discussing the force model in Sect. 2, we detail in Sect. 3 the application of these methods to the challenging case of the Boxing Day debris avalanche in Montserrat where only two seismic stations were available, one with a poor signal to noise ratio in particular due to the presence of other events. In Sect. 4, we apply our method to the Mount St. Helens and Mount Steller landquakes and compare the results to former studies of these events.
Source Model with Impulse Forces
Because here the length of the landslide is small compared to the wavelength of the seismic waves and the distances to the seismic stations, we assume a point source force. BRODSKY et al. (2003) provided the basis for a simple understanding of the force generated by a landslide during its travel along the topography by comparing it to a rigid block sliding along a varying slope. When moving, the block is subjected to two forces acting in the slope-parallel direction: the projection of the gravity force along the slope and the basal friction, assumed to be a Coulomb friction force in the opposite direction to the sliding motion. In the direction perpendicular to the slope, the bed reaction balances the weight of the block (see Fig. 1a ). As a result, if centrifugal acceleration due to the slope curvature is neglected (e.g., see Section 6.1 of MANGENEY-CASTELNAU et al. 2003) , the equations of motion of the block in the reference frame tangent to the topography (X, Z) are: Vol. 172, (2015) Model Space Exploration for Determining Landslide Source 391
Mc X ðtÞ ¼ Mg sin hðtÞ À lMg cos hðtÞ;
where c is the block acceleration, l the Coulomb friction coefficient, M the mass of the block, g acceleration due to gravity and h(t) the slope angle of the bedrock under the center of gravity of the block at time t. Note that the vectors are represented here by bold letters. When the gravity force is higher than the friction force (i.e., at the beginning of the sliding on steep slopes), the block accelerates and, when reaching gentler slopes, friction overcomes gravity and the block decelerates until it stops. During the flow, the force applied by the block to the ground is the opposite of the friction force in the slope-parallel direction and is equal to the weight of the block in the slope-perpendicular direction. In the horizontal/vertical reference frame (x, z), the force applied by the block to the ground can be expressed as
ðtÞ ¼ Mg cos hðtÞðl cos hðtÞ À sin hðtÞÞ; ð3Þ
ðtÞ ¼ ÀMg cos hðtÞðl sin hðtÞ þ cos hðtÞÞ: ð4Þ
The variation of the force applied by the mass to the ground surface DF is the difference between the force at the equilibrium state where F e M?G = Mg, and the force during the flowing state ]. In the horizontal/vertical reference frame (x, z), DF can be expressed as DF x ðtÞ ¼ Mg cos hðtÞðl cos hðtÞ À sin hðtÞÞ; ð5Þ DF z ðtÞ ¼ ÀMg sin hðtÞðl cos hðtÞ À sin hðtÞÞ: ð6Þ The ratio between the vertical and horizontal force variation, respectively, Eqs. (5) and (6), is:
For example, the force corresponding to Eqs. (5) and (6) is shown in Fig. 1b for a block sliding over a topography profile extracted from the White River Valley Digital Elevation Model in Montserrat where the Boxing Day avalanche occurred. As can be observed in this figure, during the acceleration stage, the landslide motion results in a slope parallel force applied to the ground that is in the opposite direction of the flow. On the other hand, during the deceleration stage, the force is in the sliding direction. Note that the force is always tangent to the topography [see Eqs. (1)- (2)] and that this simple block model predicts a change of the sign of the horizontal and vertical forces at the same time. Taking into account the centrifugal force would change this scheme but would significantly complicate the model by introducing the block velocity and the curvature radius of the topography [e.g., see equations (61) and (62) in MANGENEY-CASTELNAU et al. 2003 ].
In Fig. 1c , we show the force calculated using a simulation of a mass spreading on the same topography profile as in Fig. 1b . The simulation was performed using the SHALTOP model that describes thin granular flows over complex topography taking into account in particular centrifugal forces, pressure gradients and a Coulomb friction law MANGENEY et al. 2007; MORETTI et al. 2012) . Figure 1c shows that, in this case, the associated force is qualitatively similar to that obtained using the sliding block model, involving an acceleration and deceleration phase. However, it is no longer tangent to the topography. Using inversion of seismic data and numerical modeling of landslides over complex 3D topography, FAVREAU et al. (2010) and MORETTI et al. (2012) have shown that the landslide force history is more complex (e.g. see Figure 3a -c in MORETTI et al. 2012) . This is due to other forces such as pressure gradients related to the deformable mass and the presence of centrifugal forces related to the radius of curvature of the topography (FAVREAU et al. 2010; ALLSTADT 2013) or to physical processes such as the presence of a glacier or the entrainment of slope material during the flow (MORETTI et al. 2012) .
In order to keep the force model simple while allowing more degrees of freedom than those of the simple block model, we defined a model with both horizontal and vertical components, each made up of two parallel forces in opposite directions, separated by different time intervals (Fig. 1d) . We decided here to use impulse forces for simplicity although sinusoidal or boxcar curves could also have been used (LA ROCCA et al. 2004; TSAI and EKSTRÖ M 2007 ) (see Fig. 1d ). Because of the filtering of the data and of the synthetic signals, we expect to obtain similar force models using any of these source time functions. The force model is reduced to two impulse forces in opposite directions of amplitudes A h1 and A h2 at times t 1 and t 2 , respectively, for the horizontal component, and of amplitudes A v1 and A v2 at times t 1 and t 3 , respectively, for the vertical component. Note that the first horizontal and vertical pulses are assumed to occur simultaneously (Fig. 1d) . As a result, the model has eight unknowns (A h1 , A h2 , t 1 , t 2 , A v1 , A v2 , t 3 , /), where / is the azimuth of the horizontal force.
An important issue is to know the minimum complexity that must be taken into account in the force model to be able to reproduce the data. To investigate this, we tried to simplify the above model by testing force models (i) using the same time delay between the two pulses (t 2 = t 3 ) and the same amplitude ratio between the second and first pulse for the horizontal and vertical forces pulses (A h1/ Ah2 = A v1/ A v2 ), (ii) imposing only the same time delay between the two pulses of the horizontal and vertical pulses (t 2 = t 3 ). Neither of these models well reproduced the observed seismic signal for the three avalanches studied here (Montserrat, Lesser Antilles, Mount St. Helens, USA and Mount Steller, USA).
2002). The collapse formed a debris avalanche that traveled 4.5 km down the White River Valley to within a few hundred meters of the coastline. The debris avalanche was immediately followed by highenergy pyroclastic density currents that resulted from collapse and fragmentation of the lava dome, which subsequently overran the debris avalanche and swept out to sea. The event completely devastated an area of 10 km 2 covering a 70°sector of southern Montserrat ( Fig. 2a ) and even generated a small (1-2 m) tsunami. There were no direct observations of the event, as it took place at night, but aspects of the deposits combined with the time at which the seismic stations stopped transmitting, provide a number of constraints on the chronology and dynamics of the events (SPARKS et al. 2002; VOIGHT et al. 2002) . The collapse of the retaining crater wall, Galway's Wall, was Figure 2 a Location of the Soufriere Hills Volcano (red dot) and the two MVO seismic stations with short-period seismometers (red triangles). The light blue color marks out the area destroyed by the pyroclastic density current of the 26 December 1997 event in southern Montserrat. The dark gray area shows the deposits of the debris avalanche along the White River valley. The brown arrow represents the direction opposite to the inverted force that roughly corresponds to the avalanche flow direction. b Location of Montserrat (red circle) and the two seismic stations SJG and SDV with broad-band seismometers (red squares)
directed south, principally down the White River Valley, although it overspilled the valley walls at two bends. Superelevation effects indicate that the debris avalanche in the White River channel had a minimum velocity of 35 m/s. The deposit is made up of four main imbricated units, with the lower units made up of material originating deeper in the edifice, closer to the failure plane, and the upper units dominated by unconsolidated talus. The pyroclastic density current was directed to the southwest, along an axis 1.5 km to the north of the White River Valley (i.e., slightly oblique with respect to the debris avalanche direction). It was generated during 12 min of intense seismic activity by pulsatory, retrogressive failure of the lava dome and the deposits show widespread evidence of two main depositional units. The debris avalanche deposit was clearly already emplaced when it was overrun by the pyroclastic density current (SPARKS et al. 2002) . The volumes of the collapsed material are constrained by estimates of the volumes of the resulting scars as well as independent estimates of the volumes of material emplaced in the downstream drainage system. The volume of the debris avalanche, mostly made up of old material collapsed from the edifice, is estimated at 40-50 9 10 6 m 3 (VOIGHT et al. 2002) , while the volume of the pyroclastic density current that was formed by the resulting collapse of the lava dome was 35-45 9 10 6 m 3 . The estimated total failure volume is given by SPARKS et al. (2002) as 80-90 9 10 6 m 3 .
A seismometer array had been installed on Montserrat island. During 1996-1998, a broadband network and a short-period network ran in parallel, consisting of five three-component broadband seismometers (Guralp CMG-40T) and three vertical-only Integra LA100/F 1 Hz short-period instruments. However, on 26 December 1997, only two seismic stations with short-period instruments (MBLG and MBWH, Fig. 2a ) were functioning and able to transmit their vertical component seismograms to the observatory.
The long-period seismic signals generated by the avalanche were recorded by only two distant threecomponent broadband seismometers from the Global Seismographic Network (GSN): SJG located in Puerto Rico and SDV located in Venezuela, 450 and 1,262 km from the avalanche, respectively (Fig. 2b) . et al. (2002) analyzed the local shortperiod seismogram of the Windy Hill seismic station (MBWH) from 24 to 26 December 1997. They performed Real-time Seismic Amplitude Measurements (RSAM) and fixed the starting time of the collapse event (07:01 h, UT) at the RSAM spike. They also analyzed the most emergent and pulsating part of the data, which lasts about 15 min (Fig. 3 ). This part of the signal was attributed to the collapse and divided into six main pulses. They attributed the first two main pulses of the seismogram to the debris avalanche event.
Time Duration and Frequency Band Chosen for Analysis of the Long-Period Surface Waves

SPARKS
From the spectrograms of the signals at both MBLG and MBWH, located 2.5 and 3.7 km from the dome, respectively, energy gaps that divide the signal into six parts can be observed ( Fig. 3a-b) . The starting times of these intervals are marked T1 to T6 (Fig. 3) . These times are consistent with the analysis of SPARKS et al. (2002) . The first two pulses (between marks T1 and T3) together last about 180 s which is assumed to be the duration of the debris avalanche (Fig. 3) .
Particle motion calculated from the radial and vertical components at distant stations SJG and SDV shows that most of the signal consists of Rayleigh waves in the radial and vertical direction ( Fig. 4b-d , f-h) and Love waves in the transverse direction ( Fig. 4a, e) . Surface wave travel time is calculated based on the group velocity from the Preliminary Reference Earth Model [PREM (DZIEWONSKI and ANDERSON 1981) ]: 3.88 km/s for the Rayleigh waves at 50 s, 3.34 km/s for the Rayleigh waves at 20 s, 4.19 km/s for the Love waves at 50 s and 3.43 km/s for the Love waves at 20 s. The arrival times of the first two main pulses and the sixth main pulse are marked in Fig. 4 . The first two main pulses can be identified in the three-component seismograms and spectrograms of both SJG and SDV. The sixth main pulse, at the end of this eruptive event, can only be identified at the closest station SJG. Its imprint on the vertical component is much stronger than on the transverse component, which is consistent with the radiation pattern of a single vertical force (KANAMORI and GIVEN 1982) . As discussed by SPARKS et al. Vol. 172, (2015) Model Space Exploration for Determining Landslide Source 395 (2002) , this last pulse in the signal is possibly generated by a final explosive phase. Pulses 3 to 5 are not visible at SJG. A field survey suggests that these pulses are related to the pyroclastic density currents that occurred just after the debris avalanche. One possible explanation would be that these currents generated fewer low frequency signals. This is, however, impossible to check because the local seismometers are only short-period ([1 Hz). As high frequencies are much more attenuated than low frequencies, this could explain why it is difficult to observe them at such large distances. Ideally, broadband seismograms are necessary for a well constrained waveform inversion (CHEN et al. 2011) . Unfortunately, the signal at the SDV station, especially for the transverse component, is too noisy at periods \25 s and [40 s. As a result, we can only deal with signals filtered between 25 and 40 s, where the waveform is relatively clean at both stations. Because of the poor signal to noise ratio of the horizontal components of SDV, we only use the three components of SJG and the vertical component of SDV, filtered with a zero-phase Butterworth filter.
Waveform Inversion
Using the filtered velocity record, we performed a waveform inversion to find the force applied by the landslide to the ground. The seismograms at a given station are the result of the convolution of the source time function and the Green's functions.
where S i (t) is the seismic signal, G i,j (t) are the Green's functions, F j (t) is the three-component source force and i, j = E, N, Z are the three directions in space. Based on the one-dimensional PREM model, we used the normal mode summation method (GILBERT and DZIEWONSKI 1975) to generate Green's functions. Then, we performed a Fourier transform on both seismograms and Green's functions, turning the deconvolution problem in the time domain into a problem of solving a linear system of equations in the frequency domain. We then solved the system of Fig. 5a ). It is however difficult to extract the time history of the horizontal and vertical components from the force filtered in this very narrow frequency band. Using only the SJG station or the SJG station and the vertical component of SDV in the inversion process gives very similar results, suggesting that the waveform inversion using only one station may be well constrained (Fig. 5a ).
Strategy for Parameter Space Exploration
To determine the main forces that could represent the avalanche dynamics, let us find the system of impulse forces (see Sect. 2) that may explain the observed signal at the two distant stations SJG and SDV. The method proposed here essentially consists of calculating the synthetic seismograms generated by the horizontal and vertical forces, each composed of two pulses (Fig. 1d) . This model involves five unknown parameters for the horizontal force (t 1 , A h1 , t 2 , A h2 , azimuth /) and three unknown parameters for the vertical force (A v1 , A v2 , t 3 ). For each station, a We test here three different approaches to finding the best parameter set by reducing as much as possible the computational time of the model space exploration. The idea is to find a faster but still well constrained method that provides the best fit for the data. All the approaches are based on the Monte-Carlo sampling method (SAMBRIDGE and MOSEGAARD 2002; TARANTOLA 2005 ) that consists of randomly choosing the ten parameters of the model. This gives a force model, which we filter in the same frequency band as the data. Then the associated synthetic seismograms are calculated using Normal Mode Summation and compared with real data on the basis of calculating correlation and misfit between synthetic seismograms and data. We define criteria such as maximizing the correlation and minimizing the misfit between synthetic seismograms and data. The models are then sorted from the best to the worst, according to each criterion separately. Finally, the best model is the first that appears in all the vectors of sorted models. The normalized correlation is calculated as
and the misfit as
where x and y are the two signals for which the correlation and misfit are calculated, respectively. In the first approach, the inversion was carried out simply by randomly choosing the ten parameters using the Monte-Carlo sampling method. Due to the number of parameters, this method would require a long calculation time to obtain a strongly constrained solution. To reduce the computation time, we propose a different strategy.
Reduction of the Number of Parameters Using the Transverse Component
The main idea is to use the radiation pattern properties of waves generated by a force (Fig. 6 ) to separate the (Fig. 7c) . As a result, only the three parameters t 1 , t 2 -t 1 , A h2 /A h1 of the force model could affect the absolute value of the correlation on the transverse component. We calculated the correlation between the recorded and synthetic transverse component of SJG (SJG-T) by systematically varying these three parameters. For this step, we performed 10 6 iterations. The projection of this 3D calculation on the t 1 -axis shows that the maximum correlation C = 0.946 is obtained for t 1 = 80 s (Fig. 7a) . For this value of t 1 , Fig. 7b shows the point where the maximum correlation is obtained, corresponding to t 2 -t 1 = 69 s and A h2 /A h1 = -0.7. For these parameter values, half of the azimuth range gives positive correlation values, while the remaining half of the range gives negative values (Fig. 7c) . This makes it possible to reduce the possible range of azimuths to / [ [-69, 110]°.
Determination of the Remaining Parameters
With t 1 = 80 s, t 2 = 149 s and A h2 /A h1 = -0.7 fixed by the above calculation, we performed a second step to search for the remaining seven parameters of the model: t 3 -t 1 , A h1 , A v1 /A v2 , A v2 /A h1 , dt SJG , dt SDV and the azimuth /. We used two different methods to find these parameters, based on the following criteria: Method a: Maximum correlation and minimum misfit between synthetic signals and data.
Method b: Maximum correlation and minimum difference of the Rayleigh to Love wave amplitude ratio between synthetic signals and data (ratio between vertical and transverse components). This method makes it possible to reduce the number of parameters to 6. Indeed, the correlation and the amplitude ratio are not sensitive to the absolute amplitude. As a result, we can fix the value of A h1 and only calculate A h2 /A h1 , A v1 /A v2 and A v2 /A h1 . The absolute amplitude A h1 will be found in the end using the linearity properties of wave equations (see Sect.
3.3.2.2).
We have investigated these two methods to evaluate how Method b, that decreases the computational time by reducing the number of parameters, compares to Method a, that uses the amplitude of the full waveform but requires about ten times more computational time for the same parameter space sampling.
Method a: Using Correlation and Misfit as Inversion Constraints
In Method a, the criteria are Table 3 (the corresponding misfits and correlations are given in the supplementary material, see Table S1 ). The values obtained for the best model are t 3 -t 1 = 40 s, A h1 = 1.8 9 10 10 N, A v1 /A v2 = -0.3, A v2 /A h1 = 1.07, dt SJG = -3 s, dt SDV = 4 s and the azimuth / = 11°.
Final Model
We obtained very consistent results with Methods a and b when 10 7 iterations were performed, much better than those obtained by simply varying the ten parameters involved (see beginning of Sect. 3.3). Method a gave slightly better results (Table 4) but our results suggest that Method b can be used when the full waveform is noisy if the maximum amplitudes are still clearly defined. The stability of the results, whatever the method, possibly supports the use of a simple three-component-two-pulse force model for the inversion of the landslide source. Finally, for the 1997 Boxing Day debris avalanche event, the impulse force model obtained by the slightly more accurate Method a (Fig. 9a) is composed of:
1. A horizontal force: A h1 = 1.68 9 10 10 N at t 1 = 80 s and A h2 = -1.18 9 10 10 N at t 2 = 149 s, with azimuth / = 19.7°. 2. A vertical force: A v1 = 0.72 9 10 10 N at t 1 = 80 s and A v2 = -1.19 9 10 10 N at t 3 = 121 s.
The three-component landslide flow history obtained with this model, filtered between 25-40 s, compares well with the force calculated using waveform inversion of the observed data, as shown in Fig. 9b . It is interesting that such good agreement is obtained between these different methods, especially with the waveform inversion obtained using only one station. This may suggest that waveform inversion to recover a single force is actually well constrained, even with only one seismic station. The filtered force is then used to generate synthetic waveforms that well reproduce the recorded waveforms at both stations (Fig. 10) . The synthetic seismic signals generated by the ten best models are shown in the supplementary material ( Figure S1 ).
Our method is based on the determination of three parameters using the transverse component of the seismic signal. These parameters are held constant to determine the remaining parameters. We performed some stability tests by repeating the second step of the inversion while letting these three parameters slightly vary around their best values: t 1 = 80 ± 5 s, t 2 -t 1 = 69 ± 5 s and A h2 /A h1 = -0.7 ± 0.1. For each parameter, we give the mean value and the standard deviation corresponding to the ten best models obtained: t 1 = 79.6 ± 0.7 s, t 2 -t 1 = 68.8 ± 1.2 s, t 3 -t 1 = 39.1 ± 1.7 s, A h2 /A h1 = -0.73 ± 0.07, A v1 /A v2 = -0.95 ± 0.22, A v2 /A h1 = 0.58 ± 0.18, Vol. 172, (2015) Model Space Exploration for Determining Landslide Source 9 10 10 N. As can be seen, the inversion is well constrained for most of the parameters.
From the Force to Landslide Characteristics
Note that the azimuth of the horizontal force (19.7°) is very close to the global orientation of the White River Valley and opposite to the avalanche flow direction (approximately 201°= 21°? 180°) (Fig. 2a) as predicted by the block model. Using Eq. (7) leads to a slope angle h = arctan(A v1 / A h1 ) = 23°, which could give an estimate of the initial slope. In fact, the maximum slope over which the debris avalanche flowed was 30°and the mean slope at the beginning of the valley was 20°(values extracted from the Digital Elevation Model). Equation (5), similar to Eq. (1) in LA ROCCA et al. (2004) [deduced from BRODSKY et al. (2003) ], suggests that the mass of the debris avalanche could be calculated from the amplitude of the horizontal force
Here F h = A h1 = 1.68 9 10 10 N, and we can approximate the slope angle at h = 23°, as deduced from Eq. (7). Simulation of landslides of this size requires values of the friction coefficient typically of the order of l = tan(d) = tan(15°) = 0.27 (e.g., see PIRULLI and MANGENEY 2008; LUCAS et al. 2014) .
Using these values in Eq. (11) gives
By varying the parameters (h or d) by 10 %, Eq. (11) gives a proportionality coefficient included in the range a [ [0.53 1.47] . This empirical coefficient is a little higher but consistent with the empirical fit found by EKSTRÖ M and STARK (2013) for a compilation of large landslides (M = 0.54 F h ). With these coefficients, the calculated mass would be 0.89 9 10 10 kg \ M \ 2.47 9 10 10 kg. The volume involved in the Boxing Day debris avalanche has been estimated from field studies to be V = 40-50 Mm 3 .
With a density q = 1,980 kg/m 3 (VOIGHT et al. 2002) , this gives a mass of M = 7.9 9 10 10 -9.9 9 10 10 kg.
As a result, the mass deduced with Eq. (12) is at least three times smaller than the expected mass, but it provides an order of magnitude estimate of the real mass. Using the empirical relation from EKSTRÖ M and STARK (2013) would lead to an even smaller mass. Figure 2 of EKSTRÖ M and STARK (2013) suggests an uncertainty in the mass determination from the maximum force value of about 50 % (i.e., 5 9 10 9 kg) for landslides of about M & 1 9 10 10 kg. Our result suggests a much larger uncertainty which could be due to the strong impact of topography and physical processes such as erosion/deposition on the generated seismic signal (FAVREAU et al. 2010; MORETTI et al. 2012) . Another possibility would be that the debris avalanche was made of several events of smaller volumes or at least a highly unsteady event. However, this would probably generate a more complex seismic waveform. The approximate duration of the force (about 100-200 s) is about the same as that expected for the Boxing Day debris avalanche (SPARKS et al. 2002) . The duration of the landslide appears to roughly correspond to twice the time interval between the two horizontal impulse forces (see Fig. 1d ). This time interval is 69 s so that the landslide duration would be about 140 s (Fig. 9a) .
Laboratory experiments on granular flows and simulations of real landslides suggest that the order of magnitude of the mean velocity of the granular mass is
( ROCHE et al. 2008; FARIN et al. 2014; LUCAS et al. 2014) , where h 0 is the initial thickness of the released mass. Empirical laws relating h 0 to the landslide volume for very well constrained data (LUCAS et al. 2014) , show that
As a result, the mean velocity is in the range 23 m/s \ U \ 28 m/s. From landslide data from LEGROS 2002; LUCAS et al. 2014 proposed an empirical relation between the runout distance R and the volume V:
With the volume deduced from seismic data, we find a runout distance of 1.7 km \ R \ 2.5 km. On the other hand, with the velocities calculated above and the estimated time of the landslide, we can roughly calculate the distance L traveled by the center of mass using the simple formula L ¼ U Â t. This gives 3.24 km \ L \ 3.89 km. Field observations suggest U & 35 m/s and a runout distance (maximum distance traveled by the mass) R & 4.5 km. Note that field observation generally provides the runout distance and not the center of mass travel distance. As a result the calculated values of travel distances and velocity are slightly lower than observations, but again provide an order of magnitude of the real values. A massive debris avalanche with a volume of about 2.8 9 10 9 m 3 was generated. Its scar went down nearly to the base of the volcanic cone on the north side and it moved down the lower gradients of the volcano's outer flank (CHRISTIANSEN and PETERSON 1981) . Part of the avalanche was blocked by a ridge 8 km to the north, but the bulk of the avalanche turned westward down the valley of the North Fork Toutle River (Fig. 11a) . As for the Montserrat eruption, the Mount Saint Helens debris avalanche was followed by a pyroclastic flow with a volume of about 0.25 km 3 that covered the debris avalanche deposits with a thickness of about 40 m (Fig. 11a) . The long-period seismic waves generated by the debris avalanche were recorded at many stations. KANAMORI et al. (1984) inverted these data to find the force representing the avalanche. Seismograms at stations ANMO (1,820 km away) and GRFO Vol. 172, (2015) Model Space Exploration for Determining Landslide Source 405 (8,470 km away) have clean waveforms in the period 100-250 s and could be used to perform the MonteCarlo inversion on the Mount Saint Helens debris avalanche (Fig. 11b) . Note that, contrary to Montserrat, we can use the transverse components of the two stations. We applied the method described previously for the Montserrat debris avalanche (see Sects. 3.3.1 and 3.3.2). In the first step, the transverse component of each station was used separately. The values of t 2 and A h2 /A h1 are similar for the two stations while the values of t 1 identified are 65 s for ANMO and 23 s for GRFO. The difference in the determination of t 1 could be due to the Love wave arrival time difference between the real value and the one calculated from PREM. Because station ANMO is closer to the source (1,820 km away), we assume that, for ANMO, there is no difference between the real Love wave arrival time and the calculated time from PREM. For GRFO, the arrival time difference is 65 -23 s = 42 s. We then performed the inversion on the remaining parameters. We obtained a Rayleigh wave arrival time difference of -27 s for GRFO (no difference for ANMO). These time shifts correspond to a maximum wave velocity difference, with respect to the PREM model, of 2.2 %. The best model is found, as for the Montserrat debris avalanche, using Method a (Table 5) . The resulting force model is made up of a horizontal force (A h1 = 4.01 9 10 12 N at t 1 = 65 s and A h2 = -4.01 9 10 12 N at t 2 = 155 s, with azimuth / = 186°) and a vertical force (A v1 = 0.62 9 10 12 N at t 1 = 65 s and A v2 = -1.16 9 10 12 N at t 3 = 93 s). The dispersion of the parameters for the ten best models is quite small as shown in Fig. 12 . The final single force model for the Mount St. Helens debris avalanche is shown in Fig. 13a . The three components of the landslide flow history (i.e., source time function), filtered between 100-250 s, compare well with the force calculated using waveform inversion (Fig. 13b) . Furthermore, we find an acceleration phase that last about 120 s and a total duration of about 5 min, which is consistent with the force obtained by KANAMORI et al. (1984) and with the acceleration found by WARD and DAY (2006) by landslide numerical modeling. The amplitude ratio between the North to East and North to vertical component are also qualitatively consistent with the acceleration found by WARD and DAY (2006) (their Fig. 14 ). The force model is then used to generate synthetic waveforms that also well reproduce the recorded waveforms (Fig. 14) . Figure S2 in supplementary materiel shows that this force reproduces well the seismic signal at three stations not used in the inversion process, which show the robustness of the inversion.
Figure 12 Histograms of the parameters for the ten best calculated models using correlation and misfit as constraints for the Mount St. Helens inversion with three parameters fixed by using the transverse components of the seismic signal. Most of the parameters are well constrained, except A v2 / A h1 and t 3 -t 1 . The parameters fixed from the first step of the method are: t 1 = 65 s, t 2 -t 1 = 90 s and A h2 /A h1 = -1.0
Vol . 172, (2015) Model Space Exploration for Determining Landslide Source The azimuth of the horizontal force (186°= 6°? 180°) is very close to the global orientation of the first part of the valley where the debris avalanche flowed and is opposite to the flow direction (8°) before the avalanche reached the north ridge (Fig. 11a) . Using Eq. (7) leads to a slope angle h = arctan(A v1 /A h1 ) = 8.7°. In fact, the maximum slope angle from the Digital Elevation Model is about 10°and the mean slope at the beginning of the flow is about 4°-5°, i.e. much smaller than the slope angle for the Montserrat debris avalanche. Using Eq. (11) and friction coefficients required to simulate such a large event [l = tan(5°) = 0.09] (e.g., see KELFOUN and DRUITT 2005; LUCAS et al. 2014) gives M = 1.6 F h , which gives M = 6.4 9 10 12 kg. This is very similar to the estimated mass of the Mount St. Helens debris avalanche. Indeed, the estimated volume of the avalanche was 2.8 9 10 9 m 3 , so that, with a density q = 2,000 kg/m 3 , the estimated mass is M = 5.6 9 10 12 kg. No specific density is given for this event, but the density of rocks is about 2,500 kg/m 3 , and the maximum volume fraction of monodisperse beads is about 0.6 while it can be higher than 0.9 for highly polydisperse materials because small particles can fill the pore space between larger particles (e.g., VOIVRET et al. 2007 ). If we assume a volume fraction of 0.8, the density of the mass is 2,000 kg/m 3 . Note that we find here a quite different empirical factor between M and F h (M = 1.6 F h ) than the factor 0.54 proposed by EKSTRÖ M and STARK (2013) . Our results suggest that relations (7) and (11) make it possible to roughly estimate the mass of a debris avalanche from the forces it generates. The rough duration of the force (about 180 s*3 min) is about the duration expected for the Mount St. Helens debris avalanche (about 150 s) (KANAMORI et al. 1984) . If we assume that the duration of the landslide can be roughly estimated as twice the time interval between the two horizontal impulse forces (see Fig. 1d ), which is 90 s, the landslide duration might be about 180 s.
Using these values of the mass in Eqs. (13-14) gives a mean velocity of U = 70.5 m/s and a center of mass travel distance L = 12.7 km. Using Eq. (15), we find R = 19.7 km. Field observations suggests a velocity of 50 m/s \ U \ 70 m/s and a runout distance of R & 26 km (GLICKEN 1986) . For the Mount St. Helens debris avalanche, the deposit is very extended so that we expect a significant difference between the center of mass travel distance L and the runout distance R.
The 2005 Mount Steller Landslide
In order to validate the method on a pure landslide event (i.e., occurring without any explosion or eruption), we applied it on the 2005 Mount Steller rock-ice avalanche for which the source time function have been inverted from seven broadband seismic stations in a large range of azimuth and distances (37-623 km) (MORETTI et al. 2012 (Fig. 15) . The amplitude well fits the inverted force, however a slight phase shift is observed on the East component. This might be due to the erosion processes that occurred during the flow. An azimuth of / = 30°, while the simulation performed by MORETTI et al. (2012) shows that during the first instants, the azimuth of the force is about / = 25°. The ratio between the vertical and the horizontal force give a slope angle of h = 37°, while the mean slope during the beginning of the avalanche is equal to h = 35°. The duration corresponding to the best model is about 90 s while the simulation predicts a value of 100-110 s. Using the formula of LUCAS et al. Montserrat debris avalanche we underestimate the volume by a factor *2-3, but we recover the order of magnitude. If we now calculate the runout distance using Eq. (15) we obtain a value of R = 2.4 km which is about three times less than the observed value. The underestimation of the calculated value might be due to the presence of the glacier which increase significantly the mean velocity and the runout distance. Equations (13) and (14) give a velocity U = 24 m/s.
Discussion
Main Results for the Three Avalanches
For the inverted models, the azimuth of the force determined from the seismic data is opposite to the main azimuth of the avalanche flow as shown in Figs. 2a and 11a , so that the flow direction can be recovered from the calculated force. Furthermore, our results suggest that the amplitude of the horizontal and vertical components of the force makes it possible to estimate the mass of the destabilized material and the slope of the topography during the initial avalanche motion while the time delays between the impulse forces can be considered to be about half the total duration of the landslide. From these characteristics, it was possible to estimate an average landslide velocity and travel distance of the center of mass. For the Montserrat, the Mount St. Helens and the Mount Steller landslides, all these calculated quantities are of the same order of magnitude as those estimated from field observations. For the Mount Steller rock-ice avalanche, the force source time function is not as well reproduced as for the two other landslides, mainly in terms of phase. This may be partially due to the erosion processes that were significant during the flow and changed the landslide dynamics as demonstrated by MORETTI et al. (2012) .
For the Mount St. Helens case, the amplitudes of the vertical impulses are much smaller than those of the horizontal impulses. This may be due to the gentle slope over which the avalanche flowed. On the other hand, for the 1997 Montserrat and the 2005 Mount Steller events, the vertical forces could not be ignored, the vertical downward amplitude being even slightly larger than that of the horizontal impulses. The force models for the three debris avalanches reveal different features for horizontal and vertical components (Figs. 9, 13, 15) . While the first horizontal and the first vertical impulses have been set at the same time to simplify the model, the second impulses are not simultaneous in the horizontal and vertical directions. In the cases presented here, the second vertical downward force occurs before the second horizontal impulse force. Note that for neither of the avalanches, it was possible to find a model fitting the data when the time of the second impulse was imposed to be the same for the horizontal and vertical components. The ratios of A h2 /A h1 , A v1 /A v2 and A h1 /A v2 are also different. As a result, the horizontal and the vertical component from the same landslide event do not share the same source time function. This is in agreement with the force found by inversion of seismic data or numerical modeling of landslides for several landslide events (MORETTI et al. 2012 ; ALLSTADT 2013).
Limitations
Because the landslide length is small compared to the wavelength of the seismic waves and to the distances to the seismic stations, we assume a point source force and do not consider the spatial distribution of the force that would have to be taken into account for shorter periods and smaller source-station distances.
Furthermore, this method is based on the simple view of a block sliding on a slope with additional degrees of freedom for the source time functions of the horizontal and vertical components of the force. Some landslides are however more complicated than this simple scheme. For example, centrifugal forces due to 3D topography effects, physical processes such as entrainment of material along the slope or multiple events would affect this simple source time function (MORETTI et al. 2012; ALLSTADT 2013) . Description of such processes would add more parameters, leading to excessive computational costs. Nevertheless, the calculation of the mass, flow direction, initial slope of the topography and mean velocity are based on the first impulses in the horizontal and vertical directions. This initial stage in the flow is not expected to change greatly for many landslides even though other processes would affect the flow further downslope. We used here impulse forces while sinusoidal curves may be better suited to represent acceleration/ deceleration of the landslide (BRODSKY et al. 2003) . The landslide characteristics deduced from our best force model might have been different if we had used smoother curves. However, no major changes are expected due to the narrow frequency band investigated here and the associated filtering process.
Conclusion
We used Monte-Carlo inversion of seismic data to calculate the force applied to the ground by landslides in order to extract information on landslide characteristics (mass, direction, duration, mean velocity, travel distance and initial slope of the underlying topography). The objective was to develop a method capable of providing first order estimates of these characteristics without using any field data concerning the deposit or the underlying topography, so that the method can be applied to past events or to landslides occurring in remote or inaccessible areas. For such landslides, only a few seismic stations are generally available, sometimes with poor signal to noise ratios. This prevents waveform inversion without a priori information using dense broadband station distribution and high-quality data, considered as a necessary condition for a unique and well constrained inversion result.
We propose here a parameterized force model. This model appears to contain the minimum complexity necessary to explain seismic data. Simpler models were unable to reproduce the observed seismic signal. In particular, we found that the horizontal and vertical force components do not always share the same source time function, contrary to what was assumed in some previous studies. We performed a model space exploration to find the model that best fits the actual data for three large landslides using at most two distant seismic stations in a narrow frequency band. In order to reduce the number of runs in the Monte-Carlo inversion, we used the characteristics of the radiation pattern. Simulations of the seismic signal generated by the best force model for the two landslides agree well with seismic data.
Good agreement is also found between the force calculated with waveform inversion using only one seismic station and with the Monte Carlo sampling method. This may suggest that the waveform inversion for a single force using only one or two stations is actually quite well constrained. A great advantage of the Monte Carlo method used here compared to simple waveform inversion is that it provides estimates of the parameter dispersion around the best parameters values, giving insight into the confidence intervals around these values. The use of the Neighborhood algorithm instead of the Monte Carlo method would significantly reduce the computational time necessary for inversion and the design of a Bayesian method would help to quantify the errors and the trade-offs between the inverted parameters.
Furthermore, as opposed to waveform inversion in a narrow frequency band, our method makes it possible to calculate a force history simple enough to be used to recover basic landslide characteristics. Simple analytical and empirical relations borrowed from the sliding block model and granular flow and landslide studies made it possible to estimate the mass, duration, flow direction, initial slope of the underlying topography and mean velocity and center of mass travel distance from the best force model calculated from the inversion of seismic data. These estimates appear to agree well with field data for the Montserrat, the Mount St. Helens and the Mount Steller landslides.
While in the future better data coverage will generally favor the use of waveform inversion methods to recover the landslide force history from Vol. 172, (2015) Model Space Exploration for Determining Landslide Source 411 long-period seismic data, this method may be useful to analyze past aerial or submarine landslides or landslides in remote areas, often recorded by only a few stations in a narrow frequency band and with low signal to noise ratios. Furthermore, this method could be used to validate poorly constrained waveform inversions. The proposed method, associated with waveform inversion when possible, will help identify landslide characteristics worldwide over an extending period of time where seismic data have been recorded and study their link with records of external forcing such as climate, seismic or volcanic activity over this time period.
